Interdigitated electrodes are used as sensing components in microfluidic lab-on-a-chip devices. The Daktari Diagnostics system uses electrodes to measure the change in impedance of a fluid in an assay chamber. A new testing method was developed and validated to characterize the sources of defects in electrodes and used to validate a new manufacturing process.
INTRODUCTION
Daktari Diagnostics Inc. is developing diagnostic tests and devices such as a CD4 point-of-care cell counter for patients with HIV. The CD4 counter provides information to the caregivers about the concentration of CD4 cells in the patient's blood. This CD4 level shows how strong the patient's immune system is and can guide the caregivers as to when and how to prescribe anti-retroviral drugs (ARV). Measuring the CD4 cell count over time may show how fast the disease is progressing or responding to treatment. The assay process has three main stages. The stages are: (A) The blood sample flows through an assay chamber and CD4 cells stick to an antibody coating. (B) Other cells are washed out of the chamber. (C) CD4 cells' cell membranes are ruptured, or lysed, and the impedance changes are measured. [1] This product will be used by trained operators carrying the portable instrument and a supply of disposable cartridges to patients in remote and developing-world locations. The device will be used where a flow cytometer is not easily accessible. The device is designed to be portable, robust, cost effective, and deliver results quickly as a point-of-care method.
During operation, an electrode foil measures the electrical impedance within an assay chamber, both before and after lysis, or bursting, of the captured CD4 cells. The measured drop in electrical impedance occurs due to the release of ions from the burst cells and is proportional to the number of CD4 cells in the sample. The instrument reads the measured impedances from the electrode foil, calculates the conductivity (1/Impedance = M x Conductivity, where M is a characteristic proportionality constant), and converts this to a cell count based on a known linear relationship between measured conductivity and cell count [2] .
The conversion process relies on an expected slope of the conductivity which is set as the mean of produced electrodes. This slope is determined by testing electrodes with various solutions of known conductivities. Measurements at each conductivity level are used to fit a linear slope for that electrode, with the intercept set at zero. This is done to maintain the condition that a 0-conductivity solution would result in a measurement of 0 regardless of the electrode pattern and other determining factors. The conductivity slope is consistent for a given electrode pattern, with minor variation between electrodes occurring as a result of natural and production variation or damage to the electrode foils. The average slope found for the given electrode pattern is used as the expected slope during the assay. Deviation from the expected slope causes error in the resulting cell count and should be minimized. *banthony@mit.edu; phone 617 324 7437
Manufacturing Challenges
A cartridge is the consumable for the test. The cartridge is a microfluidic device with reagents and the sensing mechanism to measure the amount of CD4 cells in a sample of blood. Each cartridge contains multiple parts, e.g. backbone, foil lid, functionalized electrode foil, blister pack, valve cover, housing and cap. The functionalized electrode foil is a PMMA foil that covers the 'assay chamber' where the CD4 cell count is performed. This foil has an electrode layer on it. It is coated with antibody solution, which is used to trap the desired CD4 cells.
The challenges in the scale-up process are quality control and mitigation of variation for the final product and assay results. Linares [2] and Selvakumar [1] performed a survey that highlighted the most critical manufacturing challenges facing Daktari. The focus of that work was identifying sources of variation, determining allowable tolerances to this variability, and offering solutions to monitor and control the manufacturing quality.
Electrode Foil Production
The electrode foil consists of an interdigitated electrode pattern on a PMMA substrate. The electrode is critical to the operation of the Daktari CD4 system, which relies on the electrical readings from the electrode to determine the cell count. The nature of the impedance reading makes it sensitive to variations in the electrode. Daktari has developed a new robust manufacturing process, currently pursuing patent protection, to produce electrodes foils. It is critical to understand the production variability, eliminate or understand how to control risks, and to ensure repeatability in electrode manufacturing.
Once the conductive electrode layer is complete, the antibody and a protective coating are applied to the PMMA with the electrode by spotting. The spotter deposits small drops of antibody solution to the surface of the electrode in the area shown in Figure 1 . The spotter then deposits another layer over the antibody as a protective coating. The focus of this work is to understand and characterize the robustness and repeatability of the electrode foils manufacturing, to validate the sensing performance of these electrodes, and to justify the commitment of future electrode manufacturing with the new process. In order to characterize the process we consider three efforts. (1) The first effort was to develop and characterize a rapid testing method to quickly measure the expected performance of an electrode and find the relationship between the rapid testing method and a more time-consuming alternative. (2) The second effort was to prove that the electrodes are in fact robust and can maintain performance after shipping and handling. (3) The third effort was to evaluate the impact of defects on electrode performance.
Methodology
Some inferences were made about the process quality. We assume that results are normally distributed. The student's tdistribution is used because the mean and standard deviation for the processes are not known. The Student's t-test, or ttest for short, is used to assess the statistical significance between the means of two sample populations. A confidence interval of 95% is used for the experiments [3] .
Designed experiments methodology is used to find results through a systematic way of changing the inputs. Replicates are used to deal with random behavior. The experimental objectives include identifying which variable are most influential on the output, meet a required output, or reduce noise in the output. These experiments are used to actively make changes to the input and then observe the resulting change in the output [3] .
To analyze the data, the software called JMP was used [4] . The software was designed to do statistical analysis. The author used this software to also help design the DoE. This software was used to interpret this data, performs residual analysis, and verity the validity of resulting models. The JMP software was extensively used to create the analysis of variance (ANOVA). uuuuuuIIuuIIII 11111
RAPID DIP-TESTING METHOD
Testing with solutions of known conductivity is necessary to calibrate and validate an electrode design. The first goal of this work was to develop a new electrode-only (Dip-Testing) method which could speed up testing. A Sub-assembly Testing Method requires a partially assembled cartridge and a fluid pumping system. The electrode and a lid foil are laser welded to the backbone. Solutions of known conductivity are plumbed through the assay chamber at a rate of 20 μl/min. Once the impedance measurement stabilizes, the flow is stopped for two minutes and the impedance is recorded. Using different solutions, the characteristic slope -linear relationship between the inverse of the impedance and the solution conductivity -is found. This method requires time and materials and elaborate testing hardware.
Dip-Test
The Dip Test was proposed because an electrode can be tested without being attached to another component. The "Dip Test" is performed by taking an electrode rinsed with deionized (DI) water and submerging it in solutions of known conductivity to the level where the electrode would come in contact with the fluid in the assay chamber. The electrode is left in the solution for 10 seconds before the impedance reading is recorded from the meter attached to the pads on the electrode. The electrode is dipped in DI water between each solution.
Patterns
Two different electrode designs were tested, Figure 2 ; these patterns have fingers that run perpendicular to each other and with different total sensing lengths. The intercept of inverse of the measured impedance divided by conductivity relationship was forced through zero for both tests. 
Results
Tests were performed to estimate how a single impedance measurement varied for a given solution conductivity. A single electrode was tested ten times with the same solution. This test was repeated for five solutions of increasing conductivities. Tests were performed to estimate how the electrode's characteristic slope (of the inverse of the measured impedance versus conductivity) varied. A single electrode was tested in five solutions going from low conductivity to high conductivity. The electrode was washed with fresh DI water after each set of five solutions. The series of five solutions was repeated ten times. The variability of the slopes and the standard deviation was determined. The electrode tested for the repeatability of the slope measurement had an average slope of 1.4x10-5 cm/characteristic length with a standard deviation of 8.5x10-8 cm/characteristic length. The slope variability is lower than the variability in each measurement point because the slope is averaged over a conductivity range. In practice this error is related to percent cell equivalent error. [6] The percent cell equivalent error depends on the conductivity slope for the particular electrode. The measured variation is about 1.8% cell equivalent error.
The relationship between the dip test and the card subassembly test was investigated, and a clear relationship was found. The two different patterns, shown in Figure 2 , were tested using both the subassembly and the dip tests. The pattern with long fingers gave the purple data with the highest slope when it was dip tested and the red squares when tested with the subassembly. The pattern with short fingers gave the green triangle data when dip tested and the blue diamonds when tested with the card subassembly. The dip test gave a slope that was twice as steep as the card subassembly test for both patterns. The dip test method uses a much larger volume of fluid than the welded card method. The extra fluid has ions near the electrode that reduce the impedance by increasing the size of the electric field. Figure 4 shows the data graphed. The result means that the dip test slope results can be used to predict the slope in the welded card subassembly. 
ROBUST TO HANDLING
There were five types of physical abuse that were identified as areas of concern. The first two were shipping methods. Shipping was simulated for loose electrodes in containers. The two containers were a cardboard box and a plastic Petri dish. The slope and percent cell error for these two methods was compared to the control electrodes that did not go through a shipping simulation. The next three types of handling were bending, twisting, and rubbing the electrodes. Bending the electrode means bending it about an axis parallel to the width shown in Figure 5 . Twisting the electrode is putting the electrode in torsion by 180 degrees about the centerline down the length of the electrode. The twisting motion is shown in Figure 5 . The final type of abuse was rubbing two electrodes together with force of 1.47 N shown in Figure 5 . The testing order was randomized to eliminate any potential variance because of trends during production or testing. The codes of letters and numbers indicate the markings that were used to identify the electrodes. A total of 25 electrodes were tested.
Results
The tests for electrode robustness to physical abuse resulted in only one treatment that is significantly different from the control electrodes with a 95% confidence interval. Figure 6 shows where the slope of each electrode lies within its treatment. The bending raised the average slope and clustered the data points closer together. This result was unexpected because defects in the electrode usually cause the slope to drop, or for the results to have a wider spread in the slopes. One theory to explain the electrodes' response is that the bending introduces microcracks on the electrodes' surface. Microcracks may aid in the wetting process and remove leftover conductive material from the production method. Unfortunately, Daktari may not be able to take advantage of this behavior because the electrodes need to lie flat when the antibody solution is applied. Bending the electrodes should be avoided because it changes the slope and may prohibit the application of antibody solution with the current antibody application method.
Another theory is that bending the electrodes causes the material to stretch. Stretching can also help remove the leftover conductive material without making the electrodes bowed. This should be tested in the future to see of the company can take advantage of the behavior seen in the bending case.
The only treatment that resulted in a nonperforming electrode was the cardboard shipping simulation. One electrode had a small scratch along the side rail that wasn't noticed during the initial visual quality inspection under the microscope. These new electrodes may be robust, but some care should be taken to immobilize the electrodes during shipping to reduce the possibility for damage.
IMPACT OF DEFECTS
The variability caused by defects was examined, and a Design of Experiments (DoE) methodology was used to explore four factors. The first factor was the type of defect: production errors or scratch errors. The production error is when a connection is never produced. Scratch errors come from handling. The second factor was the location of the defect on the finger. The defects were either half way down the length of the finger or between the finger and the side rail. The third factor was the defect location in the electrode. The defects were in the half close or in the half away from the connection pads. The fourth factor was the number of defects. The number of defects was 5, 10, 15, or 20. The experiment tested 32 electrodes with five solutions of different conductivities to determine the conductivity slope.
Results
The DoE used for this test was not a full factorial. Sixteen unique populations were tested with one replicate for a total of 32 electrodes tested. Production defects were found to drop the slope significantly more than the scratch defects according to the results from the DoE shown in Figure 6 . This result is understandable because scratches may not always sever the finger. The scratches, under further examination, looked like perforations instead of a clean cut.
The number of defective fingers significantly correlates to the drop in the electrodes' slope. There was no significant difference between 10 and 15 breaks and between 15 and 20 breaks according to the t-test at a 95% confidence interval. It was expected that the number of breaks would be proportional to the drop in the slope of the electrodes, and this trend was seen in the data from the DoE. The trend appeared to be approximately linear. Figure 6 shows the results from the DoE for the number of fingers. There is variation in the data because the DoE was testing four factors, but a trend can be seen. Table 3 relates the percent drop in the average slopes between the populations and compares it to the percent drop in the number of fingers. The percent drop in slope seems closer to the percent drop in number of fingers when there are 5 fingers with defects. The defective fingers were chosen at random. Since the fingers are chosen at random some fingers were broken close together, and when the fingers are broken close together the impact of each break is reduced. This reduction of the impact explains why the percent drop in slope does not increase as fast as the percent drop in the number of fingers. Statistically significant results were not obtained for the break location on the finger. The difference between the break locations on the electrodes was not significant.
